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Abstract Using a CT scan of the pulmonary tissue, a
human pulmonary model is established combined with the
structure property of the human lung tissue using the
software COMSOL. Combined with the conductivity
contribution information of the human tissue and organ,
an image reconstruction method of electrical impedance
tomography based on pulmonary prior information is
proposed using the conjugate gradient method. Simulation
results show that the uniformity index of sensitivity
distribution of the pulmonary model is 15.568, which is
significantly reduced compared with 34.218 based on the
round field. The proposed algorithm improves the
uniformity of the sensing field, the image resolution of
the conductivity distribution of pulmonary tissue and the
quality of the reconstruction image based on pulmonary
prior information.

Keywords electrical impedance tomography (EIT), prior
information, pulmonary model of human, image recon-
struction, COMSOL

1 Introduction

As one of the most important research fields in bio-medical
engineering, electrical impedance tomography (EIT) is a
non-invasive, functional imaging technique. EIT is a
technique developed in the last decade after the morphol-
ogy and structure imaging methods. Medical research
shows that not only does different impedance exists in
different tissues (organs) of human bodies, but also
impedance would be changed because of pathological or
physiological reasons. Consequently, plentiful pathologi-
cal and physiological information can be obtained from

impedance of tissues. For the EIT technique, conducting
electrodes are attached to the skin of the subject and small
alternating currents (less than 5 mA for safety) are applied
to some or all of the electrodes. Then, the resulting
electrical potentials are measured. After repeating the
process for other configurations of applied current, data of
potentials, which are relevant with pathological or
physiological status, are delivered to compute for image
reconstruction. A 2D/3D image of the conductivity or
permittivity of part of the body is calculated by the image
reconstruction algorithm [1,2].
The image reconstruction method is a crucial technique

in the EIT system. From a mathematical point of view, this
reconstruction problem is an ill-posed nonlinear inverse
problem, due to the soft-field property of EIT and limi-
tations of measured data. To improve the quality of the
reconstructed image, one feasible method is to reduce the
property of ill-posedness by combining with some prior
information. For the EIT system used for pulmonary
examination, prior information mainly contains the con-
ductivity contribution information of human tissue and
organ and the structure of pulmonary tissue. After doing
basic research on the structure and conductivity of pul-
monary tissues and organs, this article proposed a new
reconstruction image method based on pulmonary prior
information.

2 Reconstruction model

The general Laplace equation reflects the relationship of
current and voltage in the physical models of EIT.
Considering both the shunting effect of the electrodes
and the contact impedances between the electrodes and
tissue, the complete electrode model was used in this
article. The physical model and boundary conditions can
be written in the form [3–5]:

r$ð�ruÞ ¼ 0, x∈Ω, (1)

uþ zl�
∂u
∂n

¼ U0, x∈el, l ¼ 1,2,:::,L, (2)
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where � is conductivity distribution of the medium, u is the
potential in the domain Ω, U0 is the measured potentials of
the boundary ∂Ω, Il is the injected current of the lth
electrode, zl is the contact impedance between the lth
electrode and inner medium.
Normally, we choose a round field for the forward

modeling, as shown in Fig. 1. However, in the pulmonary
EIT system, the round field does not reflect and simulate
the structure property of human lungs. Accordingly, the
forward modeling based on the CT scan picture of the
human chest was necessary, as shown in Fig. 2. The human
pulmonary model was built up according to the chest
structure by the finite element method (FEM) software
COMSOL, as shown in Fig. 3. After determining the
conductivity of every tissue, the forward problem was

calculated by dividing the whole domain into FEM
elements (small triangles). The proposed model reflected
the structure property of the human chest and the
inhomogeneous distribution of conductivity precisely.
Prior information of the structure and conductivity of

tissues and organs of the human chest were integrated in
the model. The conductivity of different tissues and organs
are listed in Table 1 [6].

3 Forward problem and Jacobian matrix
based on prior information

After building up the human pulmonary model, 30354
FEM elements were obtained by the automatic triangula-
tion function of COMSOL, as shown in Fig. 4. Large
numbers of elements improved the precision of the forward
calculation, but were not suitable for the inverse problem.

Therefore, a square mesh (see Fig. 5) was necessary for
solving the Jacobian matrix and the calculation of the
inverse problem.

Fig. 1 Model of round field

Fig. 2 CT scan picture

Table 1 Conductivity of biological tissues and organs

tissues and organs �=ðΩmÞ – 1

heart 0.67

lung 0.042–0.138

vertebra 0.006

subcutaneous tissue 0.037

Fig. 4 Image of pulmonary model mesh

Fig. 5 Image of square meshFig. 3 Simulating pulmonary model
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Procedures for the Jacobian calculation are as follows
[7].
From Eq. (1), select a continuous scalar function !, for

any !,

!
Ω

�ru$r!dV ¼ !
∂Ω

!�
∂u
∂n

dS: (5)

Here, dV and dS are the differentiation of volume and
surface area. In particular, for ! ¼ u, we have the power
conservation formula

!
Ω

�jruj2dV ¼ !
∂Ω

u�
∂u
∂n

dS: (6)

Substituting Eq. (2) into the right-hand side of Eq. (6),
we have

!
Ω

�jruj2dV þ
X
l

!
el

zl �
∂u
∂n

� �2

dS ¼
X
l

VlIl: (7)

Equation (7) indicates that the power input is dissipated
either in the domain Ω or the contact impedance layer
under the electrodes. Perturbations are taken into Eq. (7):
� ! �þ ��, u ! uþ �u, Vl ! Vl þ �Vl, and the current
in each electrode Il stays constant. Ignoring second-order
terms, we have

!
Ω

��jruj2dV þ 2!
Ω

�ru$r�udV

þ2
X
l

!
el

zl �
∂u
∂n

� �
� �

∂u
∂n

� �
dS ¼

X
l

Il�Vl: (8)

From Eq. (2), on the lth electrode el, we have

� �
∂u
∂n

� �
¼ 1

zl
ð�Vl – �uÞ: (9)

From Eqs. (5) and (9), letting ! ¼ �u, we get

!
Ω

��jruj2dV þ 2!
∂Ω

�u�
∂u
∂n

dS – 2
X
l

zl!
el

�u

zl
�
∂u
∂n

dS

þ2
X
l

�Vl!
el

�
∂u
∂n

dS ¼
X
l

Il�Vl: (10)

The second and third terms on the left-hand side of
Eq. (10) can be canceled, and the fourth is simplified as
2
X
l

Il�Vl, therefore,

X
l

Il�Vl ¼ –!
Ω

��jruj2dV : (11)

For the current injection pattern, electrode currents can
be simplified as a vector I ¼ ðI1, I2,:::, ILÞ. To emphasize
that the potential distribution depends on the current
excitation pattern of the different position, it is denoted by

uðIÞ. For instance, the potential distributions for the mth
and the dth excitation patterns are represented by uðImÞ and
uðIdÞ, respectively. We assume that the injected current is
unit current. From Eq. (11), we can obtain the potential
difference for two different excitation patterns:

�Vdm ¼ –!
Ω

��ruðIdÞ$ruðImÞdV : (12)

The four-electrode data collection method (the so-called
neighboring method) was adopted in this article, as shown
in Fig. 6. In this method, the current was injected through
two adjacent electrodes and the resulting voltages were
measured from all other pairs of electrodes. This was
repeated for all the electrodes, and the resulting voltages
from different adjacent electrodes were obtained.

For the constant current I, the resulting voltage
difference Vij of the ith and jth is

�Vij ¼ –
1

I
!
Ω

��rui$rujdV : (13)

To calculate the Jacobian matrix, the conductivity
should be discretized by making the conductivity piece-
wise constant on polyhedral domains, such as voxels.
Taking �� as the characteristic function of the kth voxel,
we have the Jacobian matrix for a fixed current pattern,
when –ru ¼ E [7,8],

J ¼ ∂Vdm

∂�k
¼ – !

voxel k

EðIdÞ$EðImÞdV : (14)

4 Comparison of sensitivity distribution

Based on the above analysis, the proposed model used for
forward calculation has combined prior information, the
chest structure property and the conductivity contribution
of human tissues and organs. Figures 7 and 8 showed four
typical sensitivity distributions of the pulmonary model
and round model respectively.

Fig. 6 Adjacent excitation model
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In Fig. 7, (a)–(d) were three-dimensional sensitivity
distribution images of measurement from electrode pairs of
2-3, 3-4, 5-6, 7-8 respectively when electrodes 1 and 2
were current excitation electrodes in the pulmonary model,

while in Fig. 8, it was the same sensitivity distribution but
for the round model.
From these figures, compared with the round model, we

can conclude that the sensitivity distribution for the

Fig. 7 Image of sensitivity distribution based on pulmonary model

Fig. 8 Image of sensitivity distribution based on round field
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pulmonary model was more uniform, especially that the
sensing field did not contain an obvious spike between two
non-adjacent electrodes, that the influence regions were
widened, and non-linearity was improved significantly.
To quantify the non-linearity of the sensing field, the

uniformity index of the sensitivity distribution was defined
as follows [9,10]:

J avg
i, j ¼ 1

n

Xn
e¼1

J i, jðeÞ, (15)

Jdev
i, j ¼ 1

n – 1

Xn
e¼1

½J i, jðeÞ – J avg
i, j �2

( )1=2

, (16)

pi, j ¼
J dev
i, j

J avg
i, j

, (17)

P ¼
X
i, j

jpi, j
��, (18)

where J is the sensitivity matrix or Jacobian matrix, P is
the uniformity index of the sensing field. Obviously, the
smaller the value of P, the more uniform the sensing field
will be.
The results show that the uniformity index of the

sensitivity distribution of the pulmonary model is 15.568,
which is significantly reduced compared with 34.218 based
on the round field. Apparently, the sensing field of the
pulmonary model is more uniform than that of the round
model, and the non-linearity is improved considerably.

5 Image reconstruction

Image reconstruction for EIT is the calculation of inner
conductivity distribution � from measured data of the
boundary [11]. Conjugate gradient method was used in this
article for the inverse problem calculation. After some
linearization procedures, a linear approximation of an EIT
model takes the following form:

Ax ¼ b, (19)

where A is the sensitivity matrix (or Jacobian matrix) of
the linear system; b is the boundary voltage measurements;
x is the change in conductivity.
The solution to the inverse problem is calculated by

minimizing the functional f ðxÞ by the conjugate gradient
method.

f ðxÞ ¼ 1

2
xTðATAÞx – ðATbÞTx: (20)

The minimization of the functional f ðxÞ means that the
gradient of f ðxÞ equals zero:

rf ðxÞ ¼ Ax – b ¼ 0: (21)

Therefore, the result of equation Ax ¼ b can be obtained
by minimizing functional f ðxÞ.
The conjugate gradient method is suitable for calculating

the functions of which the coefficient matrix is symmet-
rical positive definite (SPD). For the EIT system,
coefficient matrix (Jacobian matrix) is not SPD matrix
generally. Consequently, the original equation should be
converted to the following form:

ATAx ¼ ATb: (22)

Since A is not column full rank matrix, thus ATA is not a
symmetrical positive definite matrix. After the regulariza-
tion processing, Eq. (22) can be converted to the following
form:

ðATAþ lIÞx ¼ ATb: (23)

Till now, the conjugate gradient method can be used to
calculate the solution by reason that the coefficient matrix
has been translated to an SPD matrix.

6 Results

By using the pulmonary model, the simulation result of
image reconstruction, as shown in Fig. 9, can clearly reveal
the structure and conductivity properties of tissues and
organs.

After conducting human lung tests using the EIT system
(shown in Fig. 10), the measured data were obtained and
saved for the comparison of image reconstruction of the
pulmonary model and round model. Figure 11 shows the

Fig. 9 Simulating reconstruction image

Fig. 10 Human lung test of EIT
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reconstructed image based on the round model, while
Fig. 12 displays the result of the pulmonary model using
the real data obtained from the human lung test.

From Figs.11 and 12, the reconstructed result was much
better for the pulmonary model than for the round model,
especially for the reconstructed image resolution.

7 Conclusions

Using a CT scan of the pulmonary structure, a human
pulmonary model is established combined with the
structure property of human lung tissue using the software
COMSOL. Combined with the conductivity contribution
information of human tissues and organs, an image
reconstruction method of electrical impedance tomography
based on pulmonary prior information is proposed using
conjugate gradient method. Simulation results show that
the uniformity index of the sensitivity distribution is
reduced from 34.218 of the round field to 15.568 of the
pulmonary model. The proposed algorithm improves the
uniformity of the sensing field, the image resolution of the

conductivity distribution of pulmonary tissue and the
quality of reconstruction image based on pulmonary prior
information.
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